Negative ion photoelectron spectra of the solvated anion clusters O Ϫ ͑Ar͒ nϭ1 -26,34 have been recorded. Vertical detachment energies obtained from the cluster anion spectra were used to determine total as well as stepwise stabilization energies. An examination of these energetic values as a function of cluster size demonstrates that the first solvation shell closes at nϭ12. Furthermore, magic numbers in the energetic data and in the mass spectrum suggest O Ϫ ͑Ar͒ n clusters of sizes nϭ12 -34 are structurally very similar to homogeneous rare gas clusters and follow a polyicosahedral packing pattern, implying O Ϫ ͑Ar͒ 12 has an icosahedral structure and O Ϫ ͑Ar͒ 18 has a double icosahedral structure. The solvated cluster anion photoelectron data were also analyzed using a generalized cluster size equation, which relates the cluster anion data to bulk parameters. The data for O Ϫ ͑Ar͒ nу12 is well represented by the theoretical prediction and was therefore used to estimate several bulk parameters, including the photoemission threshold, the photoconductivity threshold, and the bulk solvation energy.
I. INTRODUCTION
A wide variety of experimental and theoretical studies have been conducted on gas-phase solvated ion clusters over the past couple of decades with the aim of elucidating the properties of these isolated species and their relationship to condensed phase analogs. 1, 2 Negative ion photoelectron spectroscopy has proven to be a particularly useful technique for examining the energetics of cluster anions. Previously, we have studied a variety of solvated anion clusters, including H [12] [13] [14] These early studies, however, were limited to solvated anion clusters containing a relatively small number of solvent molecules. More recently, this technique has been applied to the study of solvated anion systems containing substantially more solvent molecules (n ϭ15 -60). In particular, Cheshnovsky et al. 15, 16 have reported photoelectron spectra of X Ϫ ͑H 2 O͒ n ͑where XϭF, Cl, Br, and I͒ and Neumark et al. 17 have reported photoelectron spectra of I Ϫ ͑CO 2 ͒ n . By examining the energetics of anion solvation over a substantial size range, photoelectron spectra have provided important information on the nature of the solvation shell structure around the anion. These experimental advances have also sparked a number of new theoretical investigations concerning the energetics and structure of large solvated anion systems. 18 -27 Evidence for shell closings in solvated ion clusters had previously been demonstrated in several important mass spectrometric and spectroscopic studies. High-pressure mass spectrometric studies presented the first experimental evidence for solvation shells in gas-phase solvated ion clusters. Investigations by Castleman et al., 1,2,28 -31 Kebarle et al., [32] [33] [34] Meot-ner et al., 35, 36 and Hiraoka et al., [37] [38] [39] [40] [41] measured changes in enthalpies of association as a function of cluster size, from which the number of molecules in the first solvation shell was inferred. In more recent mass spectrometric studies, Castleman et al. [42] [43] [44] have seen evidence of clathrate cage structures for ions in clusters of polar solvent molecules. Evidence for solvation shells has also come from photodissociation studies of gas phase solvated ion clusters. These include studies by Lineberger et al., 45, 46 Lisy et al., 47, 48 Lee et al., [49] [50] [51] and Miller et al. 52, 53 Here, our ongoing investigation of solvated anion clusters continues, as we report the photoelectron spectra of an extended series of O Ϫ ͑Ar͒ n clusters. This study is meant to complement both the recent experimental studies on solvated anion complexes containing more strongly interacting solvent molecules, as well as theoretical studies on these solvated anion clusters. Given the complex nature of the ionsolvent and solvent-solvent interactions inherent in the solvated anion systems recently studied by photoelectron spectroscopy, our study of O Ϫ ͑Ar͒ n with relatively simple ion-solvent and solvent-solvent interactions provides a benchmark for comparison. In O Ϫ ͑Ar͒ n , the atomic solvents have no propensity for chemical interactions with each other and only a weak propensity for chemical interactions with the atomic ion.
In this paper, we present the negative ion photoelectron spectra of O photoelectron data were used to approximate the behavior of very large cluster anions, approaching bulk solvated anions.
II. EXPERIMENTAL METHOD
Negative ion photoelectron spectroscopy is conducted by crossing a mass-selected beam of negative ions with a fixedfrequency photon beam and energy analyzing the resultant photodetached electrons. The spectrometer has been described previously in detail. 54 A supersonic expansion ion source coupled with an additional gas ''pick-up'' line was used to generate the O Ϫ ͑Ar͒ n cluster anions. This source is shown schematically in Fig. 1 . Typically, 8 -10 atm of argon was expanded through a 12 m diameter nozzle, while a small flow of N 2 O was introduced into the plasma through the secondary pick-up line located just beyond the nozzle. The source temperature was maintained at 196 K. A ThO 2 /Ir filament was used for ionization, forming the primary anions O Ϫ and NO Ϫ , which then clustered with the argon in the expansion yielding O Ϫ ͑Ar͒ n and NO Ϫ ͑Ar͒ n as the primary cluster anions. A predominantly axial magnetic field confined the plasma and enhanced cluster anion production. Cluster anions were extracted into the spectrometer and transported through a Wien velocity filter, where they were mass selected. The mass selected O Ϫ ͑Ar͒ n cluster ion beam was then crossed with the photon beam of an argon ion laser operated intracavity at 488.0 or 457.9 nm. A small solid angle of the resulting photodetached electrons was energy analyzed using a hemispherical electron energy analyzer, with a typical resolution of 35 meV.
III. RESULTS AND ANALYSIS
A typical mass spectrum showing the distribution of O Ϫ ͑Ar͒ n cluster anions produced by the ion source is presented in Fig. 2 . Clear magic numbers were persistently observed in the mass spectrum at nϭ12, 18, 22, and 25, and usually at nϭ15.
The negative ion photoelectron spectra of O Ϫ ͑Ar͒ nϭ1 -26 are presented in Fig. 3 , along with the spectrum of O Ϫ , which was recorded before and after each cluster anion spectrum for calibration purposes. In each spectrum, the electron binding energy at the peak maximum is the cluster anion vertical detachment energy ͑VDE͒. Table I . The energetic information obtained from the photoelectron spectra can be rigorously related to cluster dissociation energies as follows:
where E.A. denotes the adiabatic electron affinity, tive ion. It also follows from Eq. ͑1͒ that the relationship between the electron affinities of adjacent-sized clusters can be expressed as
Although the cluster E.A.'s are not explicitly reported in this work, they can be well approximated by the VDEs of the O Ϫ ͑Ar͒ n cluster anions. Also, neutral-neutral interaction energies are significantly smaller than ion-solvent interaction energies, so their relatively minor contributions in Eqs. ͑1͒ and ͑2͒ may be neglected. Thus, the total anion solvent dissociation ͑solvation͒ energy for a given cluster anion SE tot (n) may be approximated as the difference between the VDE of that species and the VDE of the subion
Similarly, cluster ion-single solvent dissociation energies for O Ϫ ͑Ar͒ n may be approximated by the difference between the VDEs of two adjacent-sized clusters. The cluster anionsingle solvent dissociation energies are essentially stepwise solvation energies SE step (n) because they quantify the effect each individual argon solvent has on the overall stability of the O Ϫ ͑Ar͒ n cluster
Neglecting the weak bond dissociation energy of the neutral cluster is justified, as shown by examining the energetics of O Ϫ ͑Ar͒ 1 . For this particular cluster, the neutral dissociation energy D 0 ͑O•••Ar͒ is known ͑0.009 eV͒, 56 -59 so the anion dissociation energy can be determined from Eq. ͑1͒. This leads to an anion dissociation energy of 0.106 eV, which is ϳ10% larger than the approximate value obtained from Eq. ͑3͒. The anion dissociation energy ͓D 0 ͑O Ϫ •••Ar͔͒ is greater than that of the neutral ͓D 0 ͑O•••Ar͔͒ by an order of magnitude. Note that the anion dissociation energies obtained by measuring the spectral shifts represent a lower limit to the true value.
The total solvation energy for each O Ϫ ͑Ar͒ n cluster as determined by Eq. ͑3͒ is listed in Table I and is shown as a function of cluster size in Fig. 4 . Initially, SE tot increases Table I and are shown as a function of cluster size in Fig. 5 . The interactions between O Ϫ and the first few argon solvents are expected to be the strongest, while the stabilizing effect of each additional solvent should diminish as the cluster grows and the subion's localized charge interacts with a greater number of solvent atoms. In the absence of stabilizing effects, this should lead to a uniformly decreasing function of SE step (n) with increasing cluster size. The stepwise solvation energies do follow the expected generally decreasing trend. However, irregularities are observed at nϭ6, 12, 15, and 18, indicating that these particular clusters are stabilized by an additional effect. The largest single irregularity in the SE step (n) trend occurs at nϭ12, and this is followed by an abrupt drop in SE step (n) for nϭ13 and 14.
In addition to the energetic information obtained from the photoelectron spectra, the spectra also yield information about the temperature of the clusters through the spectral broadening. For all of the solvated cluster anions we have studied to date, some degree of broadening is observed in the photoelectron spectra. Generally, the broadening increases with cluster size and with stronger ion-neutral interactions. The broadening is tracked as the peak full width at halfmaximum ͑FWHM͒, and this is plotted for the O Ϫ ͑Ar͒ n spectra as a function of cluster size in Fig. 6͑a͒ . The broadening in the O Ϫ ͑Ar͒ n photoelectron spectra shows unusual behavior that is not a simple function of size. The broadening initially increases as expected. However, the spectra then become more narrow in the nϭ3 -10 region and local maxima are observed again at nϭ12 and 18.
A number of mechanisms can contribute to the broadening in anion photoelectron spectra. ͑1͒ During photodetachment, there can be Franck-Condon overlap between the ground state of the anion and the repulsive portion of the neutral's potential energy surface due to a difference between the equilibrium structure of the anion and that of the neutral. ͑2͒ Spectral broadening can also result from photodetachment transitions between the ground state of the anion and vibrationally excited states of the neutral. This is manifested as broadening on the high electron binding energy side of the origin peak. ͑3͒ Similarly, photodetachment transitions from excited weak-bond vibrations or other excited states of the anion to the various neutral states cause broadening especially on the low electron binding energy side of the origin peak.
The smallest O Ϫ ͑Ar͒ n cluster spectra are broadened because of populated anion states and because of a geometry difference between the equilibrium structures of the anion and the neutral. ͑A detailed analysis of the spectral broadening in a series of rare gas oxide dimer anions will be the subject of a future publication. 60 ͒ The most likely broadening mechanism for the larger cluster anions also involves the population of excited anion states, both vibrational and electronic, and the population of these states relates to the cluster ion's internal ''temperature.' ' The temperature of these cluster anions can be estimated using a procedure outlined by Lisy et al. 47, 48 The cluster ions are treated as an evaporative ensemble, where the initially formed clusters have excess internal energy that is dissipated by the successive loss of solvent monomers. 61, 62 The evaporative cooling process is a unimolecular dissociation and can therefore be described by the classical Rice-RamspergerKassel ͑RRK͒ model. 63 The rate constant is represented as
where E is the internal energy, A is the pre-exponential factor and is taken to be equal to the vibrational frequency ͑ϳ8ϫ10 11 s
Ϫ1
͒, 59 E 0 is the binding energy of a single solvent and is equal to the stepwise stabilization energies determined from the photoelectron spectra, and L is the number of normal modes. The result of such a treatment is the probability distribution P n (E,t) that a cluster ion contains internal energy E at time, t. Explicit expressions for P n (E,t) are given by Lisy et al. 47 From the probability distribution, average internal energies E n are obtained and the cluster temperature is found by equating the average internal energy per vibrational mode to RT.
The calculated cluster ion internal temperatures are plotted in Fig. 6͑b͒ as a function of cluster size. Generally, the internal temperature of the cluster anion is predicted to decrease with size. In most respects, this correlates with the decreasing FWHM observed in the photoelectron spectra beyond nϭ2 ͓see Fig. 6͑a͔͒ , indicating that the spectral broadness is very probably related to the cluster ion's internal temperature. The local maxima in the FWHM plot at nϭ12 and 18 suggest those particular clusters have a higher internal temperature than their neighboring clusters, although the model itself does not predict such behavior.
The odd/even alternation observed in the temperature plot between nϭ5 -13 is a consequence of the fact that the stepwise stabilization energy is not a smooth function. The most sensitive parameter in determining the average internal energy, and thus the cluster temperature, is the single argon binding energy, which has been directly measured in this experiment. It is therefore not surprising that irregularities in the stepwise stabilization energy plot are reflected in the predicted cluster temperature. As a final note, the calculated cluster ion internal temperature values plotted in Fig. 6͑b͒ are probably realistic approximations. Both theoretical and experimental estimates of the internal temperatures of relatively small argon clusters formed in supersonic expansions find values in the range predicted by the model. 64 -67 
IV. INTERPRETATION
All the results presented above indicate that nϭ12 is a unique cluster in the series of O Ϫ ͑Ar͒ n ions. This cluster anion corresponds to the most intense magic number in the mass spectrum, the size where the slope changes in the total solvation energy plot, the largest irregularity in the stepwise solvation energy plot, and a local maxima in the FWHM/ temp plot. Not surprisingly, the exceptional stability of this species is partially a consequence of it having a unique geometry. In addition, however, this cluster ion marks the closing of the first solvation shell in the O Ϫ ͑Ar͒ n series. The energetic data obtained from the photoelectron spectra clearly demonstrates the shell closing. The deviation in the SE tot (n) plot at nϭ12 indicates a fundamental change in how subsequent argon atoms interact with the cluster ion, and the decrease in the average stabilization energy at nϾ12 is a result of the additional argon atoms being effectively shielded from the subion. This is also clearly illustrated in the SE step (n) plot as a large irregularity at nϭ12. The energetic data also demonstrates that the O Ϫ subion occupies an internal position within the argon cage rather than existing on the surface of the cluster. If the ion remained exposed on the surface of the cluster, the SE step values for nϭ12 and nϭ13 would be comparable. However, there is a large difference in these two values and the small SE step values for nϭ13 and 14 are consistent with the subion being shielded.
More specific structural information concerning the clusters is revealed through the mass spectral data. Magic numbers in mass spectra often signal the existence of particularly stable cluster ions and a number of mass spectral studies on small cations clustered with argon atoms suggest an icosahedral cage structure for the cluster ion size containing 12 solvent atoms. 68 -75 The O Ϫ ͑Ar͒ n mass spectrum has a magic number pattern very similar to that observed in homogeneous argon cluster cation mass spectra. In the size range of 10-35 atoms, the Ar m ϩ mass spectrum contains magic numbers at mϭ13, 19, 23, 26, 29, 32, and 34, 76 while magic numbers in the O Ϫ ͑Ar͒ n mass spectrum occur at 13, 16, 19, 23, and 26 total atoms. ͑Total atom count includes the argon solvents plus the subion, i.e., mϭnϩ1͒. The correlation between the mass spectra suggests these two systems have related structures and insight into the solvated anion cluster structures may come from an examination of the homogeneous cluster structure.
In the case of homogeneous Ar m ϩ clusters, several hardsphere packing schemes have been examined to explain the magic numbers observed in the mass spectra. The dominant magic numbers at relatively large sizes correspond to stable structures in the Mackay full shell icosahedral sequence, 77 where an icosahedron of 12 atoms around a central atom is then surrounded by additional complete icosahedral shells. Each additional layer contains (10n 2 ϩ2) atoms, leading to a sequence of magic numbers at mϭ13, 55, 147, 309, etc. A number of investigators have also examined stable structures for the smaller homogeneous clusters, i.e., less than 50 atoms. [78] [79] [80] [81] Hoare and Pal 78,79 examined minimum energy structures for clusters containing between six and 60 atoms based on three packing schemes-tetrahedral, pentagonal, and icosahedral sequences. The pentagonal sequence yields the lowest energy structures for mϭ6 -20, although all three sequences compete to give a variety of stable structures by mϳ23. In the pentagonal packing sequence, several particularly stable geometries possess complete D 5h symmetry, including the pentagonal bipyramidal structure for the seven atom cluster, the icosahedral structure for the 13 atom cluster, and the capped ͑double͒ icosahedral structure for the 19 atom cluster. In contrast, the tetrahedral sequence predicts particularly stable structures for the four, eight, 14, and 26 atom clusters, while the icosahedral sequence begins with the 13 atom icosahedron and predicts particularly stable structures for the 33 and 45 atom clusters. Neither the tetrahedral nor the icosahedral sequences appear to explain the observed Ar m ϩ mass spectral distribution, although there is some correlation between the pentagonal sequence and the mass spectral magic numbers. However, a more thorough explanation for the magic numbers observed in the mϭ10 -35 region of the Ar m ϩ mass spectrum is the correlation of these magic numbers to the polyicosahedral sequence proposed by Farges et al. 80, 81 This polyicosahedral scheme begins with the 13 atom icosahedron and then builds to the 19 atom double icosahedron. Additional atoms then add to the cluster in a manner that forms a number of interpenetrating icosahedral units. In addition to the 13 and 19 atom structures, the model predicts clusters containing 23, 26, 29, 32, and 34 atoms to be particularly stable, as structures are formed which contain several overlapping icosahedra. The stability of the polyicosahedral cluster series is expected to break down at mϳ35 due to the stress occurring inside the icosahedral structure. close-packed structures rather than the polyicosahedral structures discussed above has also been considered, especially for the 13 atom O Ϫ ͑Ar͒ 12 cluster anion. The stability of homogeneous rare gas clusters in close-packed structures has been investigated by theory. [78] [79] [80] [81] For clusters containing less than 50-100 atoms, the face-centered-cubic ͑fcc͒ or hexagonal-close-packed ͑hcp͒ type structures were found to be less stable than the corresponding noncrystalline structures. In particular, the cuboctahedral fcc type clusters containing 13 and 55 atoms were metastable and collapsed back to icosahedra. Thus, although the present study does not provide information that distinguishes between the two probable cage structures for O Ϫ ͑Ar͒ 12 , the icosahedral and the cuboctahedral structures, it seems very likely from the patterns observed in the experimental data along with the predicted relative stability of these structures that the O Ϫ ͑Ar͒ 12 cluster does exist in an icosahedral form. ͑Recent experimental evidence of polyicosahedral packing for clusters in this size regime has also been reported by Parks et al. 82 
͒
The structural implications of the mass spectral data are consistent with the interpretation of the photoelectron data presented previously. Analysis of the cluster anion energetics already indicated the special stability and uniqueness of the O Ϫ ͑Ar͒ 12 cluster, including the fact that the first solvation shell closes at nϭ12 and that the O Ϫ subion is internalized at this point. The irregularity observed in the SE step (n) plot at nϭ18 is also consistent with the mass spectral implications, namely that this is another very stable cluster. It is interesting, however, that the discontinuity at nϭ18 is not more intense and that the additional stable polyicosahedral structures at nϭ22 and 25 are not implicated in the SE step (n) plot. The reason for this is probably that, by this point, the stepwise solvation energy is comparable to an Ar-Ar interaction energy, and the difference between adjacent solvation energies has become smaller than we were able to measure. Nevertheless, the mass spectrum continues to illustrate these small and subtle differences, which suggests the polyicosahedral sequence continues in this size range. Concerning the irregularity in the SE step (n) plot at nϭ15, we propose that it exists as a partially capped icosahedral structure, intermediate between the single and double icosahedral structures. The special characteristics of the O Ϫ ͑Ar͒ 12 and O Ϫ ͑Ar͒ 18 clusters were also highlighted in the FWHM/temp data, where both existed as local maxima. The symmetry and stability of these cluster anions allow them to exist at warmer temperatures than their neighboring clusters, although these clusters are still expected to be relatively cold.
For O Ϫ ͑Ar͒ n clusters that contain an already filled first solvation shell, i.e., nу12, the present study suggests the cluster anion structures resemble those of homogeneous rare gas clusters. Once the first layer of solvent molecules shields the subion, relatively weak induced-dipole interactions between rare gas atoms regulate the cluster structure. However, the nature of the cluster anion changes significantly for clusters smaller than O Ϫ ͑Ar͒ 12 . Because one of the components is an ''unshielded'' ion rather than a rare gas atom, a competition between the stronger ion-induced-dipole forces and the weaker induced-dipole interactions governs the cluster structure. Thus, the O Ϫ ͑Ar͒ nϽ12 structures do not necessarily resemble those of homogeneous rare gas clusters, and the structure of the smaller cluster ions in this series is more subtle. For example, the observed sequence of magic numbers seen in the SE step (n) plot of O Ϫ ͑Ar͒ n at mϭ7, 13, and 19 total atoms ͑nϭ6, 12, and 18͒ suggests that these cluster anions may follow a pentagonal packing pattern, which implies O Ϫ ͑Ar͒ 6 exists as a pentagonal bipyramid, a structure which has no central atom. However, given the relative strength of the ion-neutral interactions in comparison to the neutral-neutral interactions, it is also possible that O Ϫ assumes a more central location in the O Ϫ ͑Ar͒ 6 cluster, preferring a structure that maximizes the ion-neutral coordination number. Preliminary calculations by Kestner and Hall 83 indicate the minimum energy structure of O Ϫ ͑Ar͒ 6 is an octahedral structure, with O Ϫ occupying the internalized position in the cluster, while the pentagonal bipyramidal structure is only slightly higher in energy. However, given a small but finite cluster temperature, both structures are expected to be populated. It is important to note that although several of the smaller cluster anions may have structures containing an internalized subion and thus display some of the ''trappings'' of solvation shell closings, such structures do not represent a true solvation shell closing. The term ''solvation shell closing'' not only pertains to geometry; it also pertains to energetics. The energetic data obtained from the photoelectron spectra, as shown in Figs. 4 and 5, indicate that 12 argon atoms are needed to completely fill the first solvation shell around an oxygen anion, thus maximizing the screening of the excess charge.
V. THE RELATIONSHIP TO BULK SOLVATED ANIONS
A number of investigators have examined the energetics of ion clustering in a stepwise manner, and this is the subject of several comprehensive review articles by Castleman et al. 1, 2, 28 It is of particular interest to obtain data that ''bridges the gap'' between the gaseous ion and the solvated ion in the condensed phase. In this context, it is noted that as the number of solvent atoms in the cluster becomes very large, the O Ϫ ͑Ar͒ n system begins to model an O Ϫ ''impurity'' in an argon matrix. In Fig. 8 , the valance and conduction bands of argon are shown with respect to the vacuum level, and the solvated anion ''impurity state'' is represented as residing in the band gap. The difference between the vacuum level and the bottom of the conduction band is V 0 the electron affinity of the liquid. For argon, V 0 is ϳ0.2 eV. 84 In the condensed phase, the minimum energy needed to promote an electron into the conduction band is the photoconductivity threshold ͑PCT͒, while the energy required to remove an electron from the solvated anion ground state into the vacuum level corresponds to the photoemission threshold ͑PET͒. On the molecular level, the vertical detachment energy ͑VDE͒ gives the energy required to vertically remove the excess electron from the cluster into vacuum. Thus, as the cluster ion size increases toward nϭϱ, the VDE becomes a measure of the PET.
In an effort to relate the cluster data to bulk parameters, the energetic data obtained from the photoelectron spectra were analyzed in terms of a generalized cluster size equation, as formulated by Jortner, 85 which is meant to provide a quantitative description of the size dependence of cluster properties. The vertical ionization energy I v (n) of a solvated cluster anion A Ϫ (B) n is given by the following:
or, in this context,
The slope is represented as
where e is the fundamental charge, R 0 is the effective radius of the solvent atom or molecule ͑from the bulk density͒, ⑀ 0 is the static dielectric constant of the solvent, and ⑀ ϱ is the corresponding high frequency dielectric constant. For argon, R 0 is ϳ2.06 Å, ⑀ 0 ϭ1.538, and ⑀ ϱ ϭ1.66, 86 giving an expected value of 1.06 for the slope of this equation. As explained above, the value of the vertical ionization energy at infinite cluster size VDE͑ϱ͒ closely approximates the bulk photoemission threshold ͑PET͒. The value of I v (ϱ)ϭPET has not been measured for this system, but it can be estimated as follows:
where I v ͑impurity͒ is the VDE of O Ϫ , and P Ϫ (ϱ) is the bulk polarization ͑solvation͒ energy associated with the anion as described by the Born equation
͑9͒
Here, R i is taken to be the radius of the oxygen impurity ϳ2.01 Å ͑from bulk density͒. The estimated bulk solvation energy is 1.25 eV, which leads to a I v (ϱ) value of ϳ2.71 eV. Thus, from the general cluster size equation ͓Eq. ͑6͔͒ the O Ϫ ͑Ar͒ n data in some size range are expected to be described by VDE(n)ϭ2.71Ϫ1.06(nϩ1) Ϫ1/3 . The energetics of O Ϫ ͑Ar͒ n as n approaches infinite cluster size are examined by plotting the VDE as a function of (nϩ1) Ϫ1/3 . As shown in Fig. 9 , the VDEs of O Ϫ ͑Ar͒ n for nу12, i.e., clusters after the first solvation shell closing, are linear with (nϩ1) Ϫ1/3 , and the data are described by the equation VDE(n)ϭ2.59Ϫ1.18(nϩ1) Ϫ1/3 . Although the cluster size equation developed by Jortner is not expected to hold for small cluster sizes, the slope of the experimental line agrees very well with that predicted by the equation, and the extrapolated bulk vertical ionization value is also in reasonable agreement with the prediction. Agreement between both the slope and the intercept is not likely explained as an accidental empirical correlation and it suggests the cluster size equation as described above is applicable for O Ϫ ͑Ar͒ n clusters where nу12. Obviously, this model is not applicable for the smaller clusters in this study, as seen by their substantial deviation from linearity in Fig. 9 . It should be noted that a general cluster size equation, based on similar principles, also explained the measured ionization potentials for rare gas clusters nу13. 85 The correlation with the experimental data suggests this model may be used to estimate a number of bulk values for anions solvated in rare gas matrices. From the extrapolation in Fig. 9 , the bulk photoemission threshold ͑PET͒ is ϳ2.6 eV, while the photoconductivity threshold ͑PCT͒ can be inferred from the above discussion to be ϳ2.4 eV ͑PCTϭPETϪV 0 ͒. A refined value for the bulk solvation energy is 1.18 eV ͓SE bulk ϭPETϪVDE͑O Ϫ ͔͒. Comparing the bulk solvation energy to the cluster solvation energy at the first shell closing implies that ϳ55% of the solvation energy is accounted for when the first solvation shell is filled. Using the extrapolation in Fig. 9 to obtain cluster solvation energies for O Ϫ ͑Ar͒ 54 and O Ϫ ͑Ar͒ 146 , which are the expected second and third shell closings, demonstrates that only 75%-80% of the total solvation energy is accounted for by this point. Compare this to the studies of Lee et al., 31 who noted that for high dipole solvents such as water and ammonia, the ratio of the bulk solvation energy to the cluster solvation energy converged to near unity at relatively small cluster sizes. For hydrated anion clusters, ϳ80% of the bulk solvation energy had been reached by the addition of only five to six solvent molecules to the cluster. This is obviously a measure of how strong the first interactions are between the ion and the solvent, and it is therefore not surprising that a large number of argon atoms are required to solvate an anion effectively, given the weak interactions involved.
VI. CONCLUSIONS
We have recorded the photoelectron spectra of O Ϫ ͑Ar͒ nϭ1 -26,34 and have extracted total and sequential solvation energies from the spectra. An examination of these energetic values as a function of cluster size demonstrates that the first solvation shell closes at nϭ12. Furthermore, magic numbers in the energetic data and in the mass spectrum suggest O Ϫ ͑Ar͒ n clusters of sizes nϭ12 -34 are structurally very similar to homogeneous rare gas clusters and follow a polyicosahedral packing pattern. In particular, it is suggested that O Ϫ ͑Ar͒ 12 has an icosahedral structure, while O Ϫ Ar 18 has a capped ͑double͒ icosahedral structure. Subtleties involving the structures of the smaller cluster anions nϽ12 are due to a competition between the stronger ionneutral forces and the weaker neutral-neutral interactions. The solvated cluster anion photoelectron data were also analyzed using a generalized cluster size equation, which relates the cluster anion data to bulk parameters. The data for O Ϫ ͑Ar͒ nу12 is well represented by the theoretical prediction and was therefore used to estimate several bulk parameters, including the photoemission threshold, the photoconductivity threshold, and the bulk solvation energy.
FIG. 9. VDEs of O
Ϫ Ar n plotted as a function of (nϩ1) Ϫ1/3 . The VDEs of nу12 ͑clusters beyond the first filled solvation shell͒ are linear with (nϩ1) Ϫ1/3 and extrapolate to a VDE͑ϱ͒ value of 2.6 eV.
